We study the cross-correlation between the spin and orbital parts of magnetic dipole transitions M 1 in both isoscalar and isovector channels. In particular, we closely examine certain cases where B(M 1) is very close to B(M 1) σ + B(M 1) l , implying a cancellation of the summed interference terms. We gain some insight into this problem by considering special cases approaching the SU (3) limit, and by examining the behaviour of single-particle transitions at the beginning and towards the end of the s − d shell.
I. INTRODUCTION
In a previous work [1] , the magnetic dipole transitions from the ground states to excited states of several nuclei in the s − d shell were calculated:
20 Ne, 22 Ne, 24 Mg, 28 Si, 32 S, and 36 Ar. The main focus of the work was on how the transition strengths were affected by the strengths of the spin-orbit and tensor interactions inside a nucleus, and near the end of the paper, it was briefly mentioned that a new topic would be of interest: "the cross-correlation between the spin and orbital parts of B(M1)". In the present work, we wish to elaborate on this point. 4π
We define three B(M1)'s: total, spin, and orbital with the following parameters (in units of µ N )
Total B(M1): g lπ = 1, g sπ = 5.586, g lν = 0, g sν = −3.826
Orbital B(M1) l : g lπ = 1, g sπ = 0, g lν = 0, g sν = 0
Spin B(M1): g lπ = 0, g sπ = 5.586, g lν = 0, g sν = −3.826
As the title of this work implies, we wish to study the interference terms between the spin and orbital parts. For a transition to an individual state, we can write
For some states, we would have a plus sign (constructive interference), and for some the minus sign (destructive interference). We can also consider the summed strength to all calculated states. It was already noted in our previous work [1] that for some cases " B(M1) is very close to B(M1) σ + B(M1) l ". This would imply a cancellation of the summed interference terms. In this work, we will study this in a more quantitative manner.
II. CALCULATIONS
The interaction that was used was described in [1] , so we will be brief. We used the (x, y) interaction
where s.o. stands for the two-body spin-orbit interaction, t for the tensor interaction, and V c (r) is everything else, especially the (spin-dependent) central interaction. We can vary the strength of the spin-orbit and tensor interactions by varying x and y. The optimum fit to a free G-matrix is obtained with x = 1, y = 1 [2] . Arguments could be made that these parameters should be changed inside a nucleus.
As an example, we show results for M1 transitions in 28 Si with the (x, y) interaction for x = 1, y = 1. In Table I we show results for isoscalar transitions from the ground state (T = 0, J = 0 + ) to excited states (T = 0, J = 1 + ) in units of 10 −2 µ 2 N . In Table II we give results for isovector transitions in 28 Si in units of µ 2 N . We show only the first ten states, but the sum B(M1) is over all states (around 500). We also show the sign of the interference term.
In Tables III and IV we show respectively the isoscalar and isovector summed M1 strengths for the (x, y) interaction with x = 1, y = 1. We also show the deviation ∆ which is equal to B(M1) − B(M1) σ − B(M1) l . We also introduce an angle θ in order to better describe the interference:
In order for the interference term to vanish, we must have θ = 90
• .
By examining Tables III and IV , we see that there is a striking contrast between the isoscalar and isovector cases. In the former case, we have θ = 180
• for all cases. For the isovector case, θ is closer to 90
• . When θ is exactly 90
• , the sum of the interference terms over all states would vanish.
The isoscalar result is easy to understand. Consider the total angular momentum operator J = L+ S. Clearly the matrix element 1
Thus, if the isoscalar M1 operator is written as a L + b S, then a transition matrix element from the ground state to a state 1
The summed B(M1) strength is (a − b)
and as long as a and b have the same sign, it is easy to see that θ is equal to 180
• . Indeed, a = (g lπ + g lν )/2 = 0.5 and b = (g sπ + g sν )/2 = 0.88, and they do have the same sign.
For the isovector case, however, we do not have such a constraint, so that the signs of the interference terms are more random, and the angle θ is closer to 90
• . We cannot help but notice that the deviation from 90
• increases as we increase the mass number in the 1s − 0d
shell. Wigner's U(4) limit [3] , which includes the SU(3) limit of Elliott [4] . The SU(3) model holds much better in the lower half of the s − d shell than in the upper half. In the extreme SU (3) limit, the spin M1's will vanish, and in that case B(M1) = B(M1) l . The interference term will vanish trivially. We can see from Table II , however, that for 28 Si the summed isovector spin and orbital strengths are almost the same, so that it is a non-trivial result that θ is close to 90
• in this case.
Another way of looking at this is to note that the results get better as the spin-orbit interaction strength is decreased.
In Table V 
Here again the interference term is negative, corresponding to θ = 180
In Table VI we vary the parameters of our (x, y) interaction in order to see how the 'interference angle θ' depends on the spin-orbit and tensor interactions. We use 28 Si as an example. We see that the smaller the value of x (the strength of the spin-orbit interaction), the closer θ is to 90
• . For y = 0 (no tensor interaction present), the values of θ for x = 0 and x = 1 are respectively 90.03
• and 94.93
• . With y = 1 (full strength interaction), the corresponding values are 89.93
• and 92.33
• . This behaviour is consistent with the well-known fact that the spin-orbit interaction destroys the SU(3) symmetry. Concerning the tensor interaction, the behaviour can be explained by the fact that in an open-shell nucleus this interaction behaves somewhat like a spin-orbit interaction but with sign opposite to that of the basic spin-orbit interaction [5] . Thus, for x = 1 y = 1, the value of θ is smaller than for x = 1 y = 0. The values are 92.33
• respectively. The effective spin-orbit interaction for x = 1 y = 1 is weaker than for x = 1 y = 0, and so we are closer to the SU (3) limit.
Whereas in free space the choice x = 1 y = 1 gives the best results in comparison with G matrices obtained from realistic interactions, there is some evidence discussed in [1] that inside a nucleus the spin-orbit interaction should be stronger than in free space, and the tensor interaction weaker. We therefore also consider the case x = 1.5 y = 0.5. Because the spin-orbit interaction is stronger, we find that the interference angle deviates from 90
• i.e. θ = 98.31
III. CLOSING REMARKS
When we are close to the U(4) limit of Wigner [3] , we find that for isovector transitions
have defined an interference angle θ in Eq. (4). For x = 0 (i.e. no spin-orbit interaction present), θ is very close to 90
• and the sum of all the interference terms is almost zero (randomness). As we increase the spin-orbit splitting by increasing x, the angle θ becomes larger than 90
• . Also, in nuclei where SU(3) symmetry is not so good, θ becomes larger than 90
• . For isoscalar transitions in N = Z nuclei, we find that we have maximum destructive interference between the orbital and spin M1 amplitudes. This can be explained by the fact that the total angular momentum operator cannot induce M1 transitions. For N = Z nuclei, like 22 Ne, and if we consider all transitions, it looks like we are close to randomness (θ = 88.7 • ). However, if we look at each final isospin separately, the picture is changed e.g.: for T = 1 → T = 1 transitions θ is 85.9
• (net constructive interference), whilst for T = 1 → T = 2 θ is 102.7
• (considerable destructive interference).
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